C hronic lower back pain due to degenerative spine disease is an increasing concern in the aging US population and imposes a large economic burden on society. The prevalence of adult scoliosis has been reported to range between 1.4% and 32% in the general US population and to be nearly 68% in the elderly population. 6, 20 In the last decade, the Medicare costs of treating adult spinal deformity (ASD) have increased more than 16-fold, from $56 million to more than $958 million.
C
hronic lower back pain due to degenerative spine disease is an increasing concern in the aging US population and imposes a large economic burden on society. The prevalence of adult scoliosis has been reported to range between 1.4% and 32% in the general US population and to be nearly 68% in the elderly population. 6, 20 In the last decade, the Medicare costs of treating adult spinal deformity (ASD) have increased more than 16-fold, from $56 million to more than $958 million. 13 ASD can be a severely debilitating ailment and is mainly characterized by claudication, radiculopathy, and disabling back pain. 15 Older adults often experience greater disability and back and leg pain due to scoliosis compared with younger adults. 21 First-line treatment of ASD includes conservative strategies such as regular exercise, physical therapy, and antiinflammatory medications. 3, 22 For conditions that are refractory to conservative medical management, surgical correction is used. The decision to undergo surgery in the elderly is influenced primarily by the intensity of pain, quality of life, and risk to the patient. 4 Options for surgical treatment of degenerative scoliosis comprise traditional open surgery or minimally invasive spine surgery (MIS) . The traditional open-surgery approach involves an open-posterior only or an anterior/ posterior correction, whereas the MIS approach involves a less invasive lateral lumbar interbody fusion (LLIF) and/ or transforaminal lumbar interbody fusion (TLIF) and percutaneous posterior instrumentation. 3, 15 Open surgery has been shown to be an effective treatment for adult degenerative scoliosis, but there is a significant risk of complications, including a 25%-80% risk of excessive blood loss and infection and a 40% risk of incisional pain, abdominal hernia, and/or vascular injury. 5, 11, 15, 16 In recent years, the MIS approach has become an accepted method to treat numerous spinal pathologies due to the reduced soft-tissue dissection required and the decreased blood loss and length of hospital stay. 3, 10, 17 Initially reported by Anand et al. in 2008 , MIS techniques were also used to address adult degenerative scoliosis. Long-term clinical follow-up has revealed significant correction of ASD with low pseudarthrosis rates, improved functional and radiographic outcomes, and decreased morbidity.
2,3
The treatment options for diseases of the spine must be both efficacious and cost effective. To date, studies have compared the costs associated with MIS with those associated with open surgery for the treatment of lumbar stenosis, low-grade degenerative spondylolisthesis, and disc degeneration. Current literature demonstrates that MIS procedures reduce length of hospital stay, residual events, and total hospital charges for 1-and 2-level surgeries compared with open procedures. 12, 23, 24 However, the costs of the surgical treatment of ASD have not been adequately studied, and there have been no published data comparing both functional outcomes and costs between MIS and open surgery for adult degenerative scoliosis. 13 The aim of this study was to conduct a cost-minimization analysis of surgical treatment of adult degenerative scoliosis in which MIS and open surgery were used. Parameters included billed charges, Oswestry Disability Index (ODI) scores, visual analog scale (VAS) scores, and radiographic outcomes.
methods
A retrospective analysis of prospectively collected data of patients who had correction of adult degenerative scoliosis at our institution between 2006 and 2012 was conducted. Institutional review board approval was obtained.
Study population
This study compared 2 cohorts of patients: those who received MIS and those who received open surgery for staged correction of their adult degenerative scoliosis. Patients in the MIS cohort first received a minimally invasive LLIF/TLIF followed by percutaneous posterior instrumentation. Patients in the Open cohort received traditional open surgery through a posterior midline approach. One neurosurgeon (R.F.) operated on all of the patients in the MIS cohort and another neurosurgeon (T.K.) operated on all of the patients in the Open cohort. The cohorts were matched for age, body mass index (BMI), comorbidities, prior spine surgeries, preoperative sagittal vertical axis (SVA), and preoperative lumbar lordosis. Exclusion criteria included workers' compensation cases, patients receiving disability insurance, and thoracic-level disease.
costs
Cost data were obtained from the Northwestern Memorial Hospital and the Rehabilitation Institute of Chicago billing departments. Costs in this study are represented by billed charges. The billing departments were blinded regarding identification of cohorts by using patient encounter codes, which ensured identical billing practices and limited selection bias.
clinical outcome measures
ODI and VAS scores were prospectively collected preoperatively and postoperatively at 1 month, 3 months, 6 months, 1 year, and 2 years. Complications, length of hospital stay, surgical time, residual events, and EBL were obtained from electronic medical records. Complications noted were dural tears, surgical-site infections, postoperative deep vein thrombosis (DVT), postoperative infections, proximal junctional kyphosis (PJK), migrated cages, displaced grafts, rod fractures, motor deficits, pseudoarthrosis, and the need for revision surgery. Radiographic measurements of lumbar Cobb angle, SVA, lumbar lordosis, pelvic incidence, and pelvic tilt were made preoperatively and postoperatively at 3 months, 6 months, 1 year, and 2 years of follow-up to compare the radiographic correction of scoliosis.
Statistical analysis
All numerical parameters for both cohorts were compared and the differences were analyzed using a 2-tailed, unpaired with unequal variance Student's t-test. Statistical significance in this study was p < 0.05.
results

Study population
A total of 100 consecutive patients were initially selected for the study. Of these, 16 patients were excluded for lack of baseline ODI data, 12 patients were excluded for thoracic-level disease, and 1 patient was excluded for concurrent spinal trauma. Thus, 71 patients were included in the study (n = 38, MIS cohort; n = 33, Open cohort). Table  1 summarizes patient demographic data. The mean age ± SD for all patients was 64.72 ± 8.21 years. The mean age for the MIS cohort was 65.68 ± 8.79 years and the mean age for the Open cohort was 63.58 ± 7.45 years (p = 0.28). The mean BMI was 25.67 and 27.73 for the MIS and Open cohorts, respectively (p = 0.08). On average, patients in the MIS cohort had 2.71 comorbidities and patients in the Open cohort had 2.97 comorbidities (p = 0.55). Patients in the MIS cohort had an average of 0.39 prior spine surgeries whereas patients in the Open cohort had an average of 0.30 prior spine surgeries (p = 0.58). Preoperative ODI scores were 40.03 and 48.04 for patients in the MIS and Open cohorts, respectively (p = 0.03). Preoperative SVA and lumbar lordosis were not significantly different, but the patients in the Open cohort had a higher mean lumbar Cobb angle (Table 2) .
clinical outcomes
The mean lengths of follow-up for the MIS and Open cohorts were 18.16 months and 21.82 months, respectively. Of the 38 patients in the MIS cohort, 26 patients had follow-up at 1 year and 21 patients had follow-up at 2 years. Of the 33 patients in the Open cohort, 26 and 16 patients had follow-up at 1 and 2 years, respectively (Table 1) .
Preoperative ODI scores for the MIS and Open cohorts were 40.03 and 48.04, respectively (p = 0.03). At 1 year follow-up, the mean ODI score was 23.98 for patients in the MIS cohort and 25.38 for patients in the Open cohort (p = 0.76). The mean reduction in the ODI score for the MIS and Open cohorts was −15.98 and −21.96, respectively; however, this difference was not statistically significant (p = 0.25). VAS back and leg scores were approximately equal at baseline between the groups, but patients in the Open cohort experienced greater reduction in VAS back pain score compared with patients in the MIS cohort (p = 0.04). The reduction in VAS scores for leg pain was similar in both cohorts (−2.54 MIS vs −3.27 Open, p = 0.48). Table 1 and Fig. 1 summarize ODI and VAS scores.
radiographic outcomes
Improvements in lumbar Cobb angle, lumbar lordosis, and pelvic incidence-lumbar lordosis (PI-LL) were greater in the Open cohort (Fig. 2 ). The SVA of MIS patients was corrected to approximately 51.17 mm, whereas the SVA of Open patients was corrected to approximately 28.17 mm (p = 0.03). Preoperative and postoperative radiographic measurements are summarized in Table 2 .
costs
Patients in the MIS cohort had significantly lower inpatient and total charges ( Table 3 ). The average inpatient charge, including complications and revision surgeries, was $269,807 and $391,889 for the MIS and Open cohorts, respectively, representing savings of $122,081 associated with MIS (p < 0.01). Of the entire study population, 30 patients received outpatient rehabilitation, and the mean total rehabilitation charges were not significantly different between the 2 cohorts (Rehab MIS = $41,072.16; Rehab OPEN = $49,272.24, p = 0.48). Inflation-adjusted total inpatient costs were $292,329 and $433,620 for the MIS and Open cohorts, respectively (p < 0.01).
The largest differences in charges between the 2 cohorts pertained to operating room time (MIS = $202,621.51, Open = $253,014.41, p = 0.01). Additional cost savings for the MIS cohort were due to significantly lower mean charges for the use of blood products, cardiac ancillary services, imaging, laboratory tests, surgery costs, pharmacy, and routine nursing costs (Table 3 ). The MIS cohort had lower charges for respiratory services, although this savings was not statistically significant. Whereas the MIS cohort was noted to have decreased mean outpatient rehabilitation charges in most categories compared with the Open cohort, these savings were not statistically significant.
hospital course and complications
Total length of hospital stay, defined as the initial surgery and any revision surgeries, was significantly less for the MIS cohort compared with the Open cohort (7.03 days vs 14.88 days, p < 0.01). Patients who received outpatient rehabilitation experienced similar lengths of stay at the outpatient rehabilitation center (Table 3) . Average total blood loss for the MIS and Open cohorts was 470.26 ml and 2872.73 ml, respectively (p < 0.01) (Fig. 3) . Complications noted during the patients' hospital course and follow-up are summarized in Table 4 . In the Open cohort, 6 patients experienced dural tears, 4 patients were noted to have surgical-site infections, 4 patients experienced DVT, and 6 patients experienced postoperative ileus. No patients in the MIS cohort were noted to have dural tears, DVTs, surgical-site infections, or postoperative ileus. During follow-up, 4 patients in the Open cohort experienced rod fractures and 3 patients in the MIS cohort were noted to have displaced grafts. A total of 7 patients needed 10 revision surgeries in the MIS cohort compared with only 5 patients in the Open cohort. The revision surgeries for the MIS cohort were performed to address cage migrations, pseudoarthrosis, removal of 1 patient's fractured pedicle screw with subsequent foraminotomy, TLIF for persistent pain, and foraminotomy for the treatment of radiculopathy. The revision surgeries for the Open cohort addressed rod fractures and pseudoarthrosis.
Subset analysis
A subset of 8 patients who presented with preoperative SVA < 50 mm, at most 2 comorbidities, and who were younger than 70 years of age experienced similar reductions in ODI score with both MIS and Open approaches (Table 5 ). Patients in this subset who received MIS correction had lower total charges, although this result did not reach statistical significance.
discussion
In this retrospective study, we highlighted the possibility of minimizing costs associated with treating adult de- This trend was conserved with adjustment for inflation ( Table 3 ). The largest contributions to the cost savings were related to operating room time, use of blood products, medications, length of hospital stay, and use of laboratory services. On average, mean operating room charges were lower by $50,392.90 for the MIS cohort compared with the Open cohort. This may be related to decreased operating room time and the lower number of fused levels in the MIS group. This cost difference demonstrates that even with increased cost of instrumentation, MIS was associated with cost savings. Minimizing the number of levels fused is an important aspect of MIS in obtaining similar correction while preventing additional devascularization and denervation of adjacent spinal levels. Additionally, patients in the Open cohort were more likely to receive placement and postoperative removal of inferior vena cava umbrellas, and this incurred additional operating room costs. Operating room time can also be influenced by individual surgeon experience and use of house staff. Patients in the MIS cohort received fewer blood products during surgery, leading to an average savings of $11,931.20. Decreased hospital stay was reflected in lower costs of nursing staff and room charges, and this contributed to $7668.53 of savings for the MIS cohort. Decreased use of medications contributed to an average savings of $8359.57 for the MIS cohort. Open-surgery patients used respiratory services peri-and postoperatively to a greater extent compared with MIS patients, although this difference was not statistically significant. Of the 71 patients included in this study, only 30 received postoperative rehabilitation at an affiliated rehabilitation facility. The remaining patients received rehabilitation services at home. The costs for home care were not included in this study, and no significant differences in costs of rehabilitation were found between the 2 cohorts ( Table 3 ). The largest contributor to the cost of rehabilitation pertained to room and board charges, physical therapy, and occupational therapy.
The net reduction of ODI score was similar in both cohorts after 1 year. However, the reduction of VAS back pain scores was greater in the Open cohort. At 2 years of follow-up, the ODI scores of MIS patients were larger, and this difference approached statistical significance. Opensurgery patients presented with larger baseline deformity and on average received greater correction in measures such as SVA, PI-LL, and lumbar lordosis (Table 2 ). This may reflect the current lordotic rod-bending limitations in the MIS approach. These findings are consistent with the observations of the International Spine Study Group (ISSG) that less invasive surgery for treating ASD have limitations for scoliotic-curve correction for advanced curves. 26 Overall, a minority of patients in each cohort experienced complications. Patients in the Open cohort experienced more dural tears and postoperative infections, while patients in the MIS cohort experienced greater postoperative radiating pain and need for revision surgery. 12,23 A comparison of perioperative costs and outcomes for patients undergoing MIS versus Open TLIF demonstrated significant cost savings for MIS procedures, with similar immediate outcomes. 19 Furthermore, in a large, multicenter retrospective analysis conducted by Wang et al., 2-level MIS fusion procedures were associated with an average savings of $2106 in acute hospitalization costs and a reduction in mean length of hospital stay in comparison with open surgery. 24 Our data are also consistent with findings of multiple studies in which the majority of MIS cost savings in comparison with open surgery are primarily related to length of hospital stay, blood loss, pharmacy, and laboratory costs. 1, 18, 19, 24 To date, studies have demonstrated efficacy in using MIS approaches to perform lumbar fusions. Numerous benefits have been associated with the MIS approach, including reductions in blood loss, wound infections, and length of hospital stay. 3, 7, 8, 15, 25 Dakwar et al. reported a mean improvement of 5.7 points for axial VAS pain scores, a 23% improvement in ODI scores, and a 19.9° reduction in Cobb angle for patients who received treatment of adult degenerative scoliosis through a minimally invasive, lateral, retroperitoneal transpsoas approach. 7 Furthermore, a review of long-term follow-up by Anand et al. has further demonstrated significant reduction in Cobb angle and sagittal balance associated with MIS correction of adult scoliosis.
2 Our data are consistent with the findings of the ISSG, which compared MIS, Open, and Hybrid techniques for treating ASD. This comparison demonstrated increased SVA correction for the Open group but no significant differences in pre-and postoperative mean ODI and VAS scores at 1 year of follow-up. 9 While numerous benefits have been associated with MIS techniques, there are several limitations to their use. In a study evaluating correction of thoracolumbar scoliosis, approximately one-third of patients did not experience improvement in sagittal balance without the use of osteotomies. 7 Moreover, patients undergoing minimally invasive correction are still at risk for experiencing postoperative numbness, pain, dysesthesia, and paresthesia. 7, 25 Although rod fractures have not been a significant concern, hardware complications, including misplaced screws and cage migrations, have been reported. 8 The MIS approach may minimize costs for a select subset of patients with less severe preoperative SVA but be less effective for patients with more severe disease. Mummaneni et al. developed a 6-level treatment algorithm ("MiSLAT") to guide spinal surgeons in the use of MIS for the treatment of degenerative deformity. They suggested that MIS treatment is recommended for Level I-IV deformities, whereas open approaches are recommended for Level V and VI deformities.
14 As new techniques are developed, MIS procedures may have the potential to attain improved radiographic and functional outcomes and provide cost-minimization benefits for patients with a need for significant deformity correction.
Our study has several important limitations. This study was designed as a cost-minimization analysis, primarily evaluating reduction of costs in the presence of similar functional outcomes. It did not evaluate change in life expectancy or measure quality-adjusted life-years in a manner to calculate incremental cost effectiveness. As a result, the findings of this study do not allow for conclusions regarding cost effectiveness of MIS over open-spine surgery. Another limitation is that billed charges do not perfectly measure either cost or payments, and the absolute value of charges may be inflated. This may potentially under-or overestimate the true cost to society associated with MIS and open surgery. However, the trends observed in charge data may serve as a proxy for cost differences between patients who undergo MIS versus open surgery. 13 The use of billed charges may not account for differences in hospital-fee schedules, but every patient in this study was treated within the same timeframe and in the same hospital, eliminating the need to adjust for different billing practices for each cohort. Although this study occurred over 6 years, adjustment of total inpatient costs for inflation yielded similar differences in costs between the 2 cohorts. Another limitation of this study is that patients in the Open cohort presented with greater baseline deformity, and this decreased the level of matching between cohorts. In our subset analysis of 8 patients with similar characteristics, we found similar reduction in ODI scores and decreased costs associated with MIS, although this difference was not statistically significant. Our follow-up data were limited because we compared ODI scores for 52 of 71 patients after 1 year and 37 patients after 2 years, representing significant loss of follow-up. This may result in a selection bias toward patients with more severe disease and suboptimal outcomes.
conclusions
Minimally invasive surgery demonstrated reduced costs, blood loss, and length of hospital stay, whereas open surgery exhibited greater improvement in VAS scores, deformity correction, and sagittal balance. Additional studies with more patients and longer follow-up will determine if MIS presents cost-minimization benefits for certain subsets of patients with adult degenerative scoliosis. 
